When challenged by low-iron conditions several Gram-negative pathogens secrete a hemophore (HasA) to scavenge hemin from its host and deliver it to a receptor (HasR) on their outer membrane for internalization. Here we report results from studies aimed at probing the structural and dynamic processes at play in the loading of the apo-hemophore secreted by P. aeruginosa (apo-HasAp) with hemin. The structure of apo-HasAp shows a large conformational change in the loop harboring axial ligand His32 relative to the structure of holo-HasAp, whereas the loop bearing the other axial ligand, Tyr75, remains intact. To investigate the role played by the axial ligand-bearing loops in the process of hemin capture we investigated the H32A mutant, which was found to exist as a monomer in its apo-form and as a mixture of monomers and dimers in its holoform. We obtained an X-ray structure of dimeric H32A holo-HasAp, which revealed that the two subunits are linked by cofacial interactions of two hemin molecules and that the conformation of the Ala32 loop in the dimer is identical to that exhibited by the His32 loop in wild type apoHasAp. Additional data suggest that the conformation of the Ala32 loop in the dimer is mainly a consequence of dimerization. Hence, to investigate the effect of hemin loading on the topology of the His32 loop we also obtained the crystal structure of monomeric H32A holo-HasAp coordinated by imidazole (H32A-imidazole) and investigated the monomeric H32A HasAp and H32A-imidazole species in solution by NMR spectroscopy. The structure of H32A-imidazole * To whom correspondence should be addressed: mrivera@ku.edu.
INTRODUCTION
The preferred aerobic metabolism of Pseudomonas aeruginosa requires enzymes that incorporate iron as cofactor. Availability of the nutrient in host organisms, however, is scarce because most of the total body iron is intracellular and not readily available to an invading pathogen. 1 Iron limitation causes stress response in pathogens that triggers deployment of several iron acquisition systems, 2, 3 which fall in four categories, (i) excretion of low-molecular weight iron ligands (siderophores) and the corresponding receptors for the intake of iron-loaded siderophores, (ii) direct binding of iron-containing host proteins at outer membrane receptors which internalize only iron, (iii) direct binding of heme at outer membrane receptors which internalize the macrocycle, and (iv) secretion of heme binding proteins (hemophores) that work in pairs with receptor proteins for heme internalization. The investigations reported herein, which address possible steps for loading hemin into a hemophore secreted by P. aeruginosa are concerned with the latter category. To capture heme P. aeruginosa also secretes hemolysins that rupture red blood cells and release hemoglobin, 4 which together with the secreted hemophores increase the efficiency of heme capture. P. aeruginosa deploys two heme uptake systems, phu (Pseudomonas heme uptake) 2 and has (heme acquisition system); 5 the latter consists of an outer membrane heme receptor (hasR) and a protein that binds hemin, also known as the hemophore HasAp. The latter is similar to a hemophore secreted by Serratia marcescens (HasAs), 6 which is known to bind hemin with high affinity (~ 5 × 10 10 M) 7 for subsequent delivery to the receptor HasR on its outer membrane. 8 The gene coding for HasAp has been shown to be upregulated under iron limiting conditions and essential for growth of P. aeruginosa with hemoglobin as the only source of iron 9 , observations that point to a vital role in the capture and subsequent utilization of heme iron.
Hemin-loaded HasAs 10, 11 and HasAp 12 have been shown to share identical structures composed of an "α-helix wall" packed against a "β-sheet wall"; together both "walls" form a structure from which two extended loops stem ( Figure 1 ). These two loops harbor the ligands (His32 and Tyr75) that coordinate the heme iron axially; Tyr75 engages in a hydrogen bond interaction with conserved His83, which appears to enhance the phenolate character of the Tyr75 ligand. 10, 12 The loops harboring each of the axial ligands will be referred to as His32 loop and Tyr75 loop hereafter. A solution NMR structure of apo-HasAs showed a large conformational rearrangement of the His32 loop that relocates the His32 ligand approximately 30 Å from its position in the holo-protein, while the Tyr75 loop and the rest of the structure remain virtually unaffected. 13 Replacing Tyr75 with Ala in HasAs causes a nearly two order of magnitude decrease of the heme binding affinity, while replacing His32 with Ala causes a decrease of approximately 5-fold; 7 the nature of the ferric heme-iron coordination or the structure of these mutants has not been reported. Addition of dithionite to holo-HasAs in the presence of CO results in formation of a ferrous hexcoordinate complex axially ligated by Tyr75 and CO, 14 which suggest that His32 is the more labile axial ligand in the reduced hemophore. That His32 is also more labile than Tyr75 in the ferric state finds support in crystal structures of HasAs in complex with its receptor (HasR), where hemin in the hemophore is axially coordinated only by Tyr75, while the His32 loop is disordered. 15 Together, these observations have been used to hypothesize a two-step mechanism where hemin is initially loaded onto the Tyr75 loop, followed by closure of the His32 loop, which is mediated by coordination of His32 and formation of hydrogen bonds between hemin propionate and key residues in the His32 loop. 13 This mechanism, if operative, would be distinct from that elucidated for the Shp hemophore secreted by the Gram-positive Streptococcus pyogenes ,16 which binds hemin with two axial Met ligands 17 without detectable intermediates. 18 As part of our efforts to understand the structures, dynamics and intermolecular interactions of several P. aeruginosa proteins involved in heme-iron uptake and metabolism, our laboratories have been working toward elucidating the mechanism of hemin loading onto the hemophore HasAp. In a recent study it was shown that binding of free hemin is characterized by an initial rapid kinetic phase that leads to formation of a high-spin ferric hemin intermediate, which is followed by a slower phase that culminates in formation of a low-spin ferric complex where hemin is bound by His32 and Tyr75. 19 Importantly, monitoring the same reaction in the H32A-HasAp variant only revealed the rapid phase to form a stable hemin-protein complex equivalent to that of the wild-type intermediate. 19 These results represent the first documented kinetic evidence supporting a two-step binding model in which hemin is thought to bind rapidly to the Tyr75 loop, followed by slower closure of the His32 loop. In this report we document biochemical, structural and NMR spectroscopic evidence demonstrating that hemin binds to Tyr75, triggering relocation of the His32 loop from its position in the apo HasAp structure to a position very similar that adopted in the holo HasAp structure, even if His32 coordination is not possible, as this residue was replaced by a non-coordinative Ala. The presence of hemin in the Tyr75 loop is likely transferred to the His32 loop via an enhanced dynamic behavior of helix α2 and a short loop connecting it to α3. Molecular dynamics simulations that capitalized on the availability of structures for hemin-free and hemin loaded HasAp provide additional insight into molecular motions that relay the presence of hemin in the Tyr75 loop to the His 32 loop and suggest a possible path for its relocation upon hemin binding.
EXPERIMENTAL METHODS Protein Expression and Purification
A gene coding for a truncated form of HasAp missing the last 21 C′-terminal amino acids relative to the full-length protein was constructed as described previously. 12 The H32A mutation was introduced by site directed mutagenesis using the QuickChange mutagenesis kit (Stratagene) and the mutation confirmed by DNA sequencing (SeqWright) prior to transforming the plasmid into E. coli BL 21 GOLD (DE3) competent cells. An overnight starter culture of 50 mL Luria-Bertani (LB) medium (100 μg/mL ampicillin) was grown from a single colony; 30 mL of the culture was used to inoculate 1 L of M9 minimal medium 20 containing 200 μg/mL ampicillin. Cells were grown to an OD 600 of 0.8-0.9 then collected by centrifugation at 4800 rpm for 10 min at 4 °C. The pelleted cells were resuspended in 1 L of fresh minimal M9 medium (200 μg/mL ampicillin) and cultured at 37°C
to an OD 600 of ~0.9. The temperature was lowered to 30 °C with continuous incubation to an OD 600 of ~1.0 and protein expression was induced by the addition of isopropyl β-Dthiogalactopyranoside (IPTG) to a final concentration of 1 mM. The cells were cultured for 5 h before they were harvested and stored at −20 °C. The cell pellet was resuspended in 20 mM Tris-HCl (pH 7.6) (3 mL/g cell paste), and disrupted by sonication in the presence of DNase (Sigma-Aldrich, St. Louis, MO); the cell debris were separated by centrifugation at 19,500 rpm at 4 °C for 40 min.
Purification of Apo-Proteins
Purification of apo-wild type HasAp or its H32A mutant was carried out by ion exchange chromatography (IEC) at 4 °C and by hydrophobic interaction chromatography (HIC) at ambient temperature: Specifically, the clarified supernatant was loaded onto a Q-Sepharose Fast Flow column (2.6 cm i.d. × 15 cm; GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.6) The column was then washed with at least 3 bed volumes of the same buffer and the protein was eluted with the same buffer and a linear gradient (0-600 mM) of NaCl. Fractions containing HasAp were pooled and dialyzed against 50 mM sodium phosphate buffer containing 0.7 M ammonium sulfate (pH 7.0) prior to loading onto a Butyl Sepharose Fast Flow (GE Healthcare) column (2.6 cm i.d. × 12 cm) equilibrated with the same buffer. Protein was eluted in two stages: (i) 50 mM sodium phosphate/0.5 M ammonium sulfate, pH 7.0 was used to elute weakly bound proteins and holo-HasAp, and (ii) a linear gradient of sodium phosphate buffer (50 mM-20 mM)/ammonium sulfate (0.50 M -0 M) was used to elute apo-HasAp. Fractions containing the apo-protein were loaded onto a Phenyl Sepharose 6 Fast Flow high substitution (GE Healthcare) column (2.6 cm i.d. × 12 cm) and eluted using steps (i) and (ii) described above. The purity of the protein in the resultant fractions was assessed by SDS-PAGE and if necessary, fractions containing apo-HasAp were purified again on a second Butyl Sepharose column. The MW of apo-wild type and H32A apoHasAp was determined by electrospray mass spectrometry and the degree of oligomerization (monomer/dimer) was determined in solution with the aid of a high-resolution gel filtration column (Superdex ™ 75 prep grade, GE Healthcare) equilibrated with 50 mM Tris-HCl (pH 7.5), 100 mM KCl. The column was calibrated with cytochrome c (12.4 kDa.), chymotrypsin (25 kDa.), ovalbumin (44 kDa.), and albumin (67 kDa.).
Preparation of H32A Holo-HasAp 1.8-2.0 μmoles of apo-protein (8-10 μM) in sodium phosphate buffer (μ= 0.1, pH= 7.8) was reconstituted with hemin (1.0 mM) dissolved in dimethyl sulfoxide (DMSO) by titration under constant stirring until the absorbance ratio (A 280 /A 402 ) remained constant. The resultant holo-protein was incubated overnight at 4 °C, concentrated to 2 mL using 10 kDa MWCO Amicon ultracentrifuge filter devices and passed through a G-75 Sephadex column (2.6 cm i.d. × 90 cm; GE Healthcare) equilibrated with phosphate buffer (μ= 0.1, pH= 7.8).
Expression and Purification of Isotopically Labeled Proteins
Uniformly labeled, U-15 N-H32A HasAp and U-13 C/U-15 N-HasAp, were prepared using a minor modification of the above-described protocol: Cells were resuspended in M9 containing 1.0 g 15 NH 4 Cl for preparing U 15 N-H32A HasAp or in M9 containing 1.0 g 15 NH 4 Cl and 2.0 g 13 C 6 -D-glucose for preparing U-13 C/U-15 N-H32A-HasAp. Samples selectively labeled with 15 N-Gly, 15 N-Ala, or 15 N-Val were prepared with the abovedescribed protocols supplementing the M9 media according to previously reported procedures. [21] [22] [23] Resonance Raman (RR) and EPR Spectroscopy RR spectra were obtained using a custom McPherson 2061/207 spectrograph (0.67 m with variable gratings) equipped with a Princeton Instruments liquid N 2 -cooled CCD detector (LN-1100PB). Excitation at 413 nm was provided by a krypton laser (Innova 302, Coherent), and a Kaiser Optical supernotch filter was used to attenuate Rayleigh scattering. Spectra at room temperature were collected in a 90° scattering geometry on samples mounted on a reciprocating translation stage. Frequencies were calibrated relative to indene and CCl 4 and are accurate to ±1 cm −1 . CCl 4 was also used to check the polarization conditions. The integrity of the RR samples, before and after laser illumination, was confirmed by direct monitoring of their UV-vis spectra in the Raman capillaries. Low temperature spectra were obtained in a backscattering geometry on samples maintained at 1 05 K in a liquid nitrogen cold finger. Frequencies were calibrated relative to aspirin and are accurate to ±1 cm −1 . EPR spectra were obtained on a Bruker E500 X-band EPR spectrometer equipped with a superX microwave bridge and a dual mode cavity with a helium-flow cryostat (ESR900, Oxford Instruments, Inc.). The experimental conditions, i.e., temperature, microwave power, and modulation amplitude, were varied to optimize the detection of all potential EPR active species and to ensure non-saturating conditions.
Crystallization
Search for optimum crystal growth conditions was conducted using the sitting drop vapor diffusion method in Compact Jr. Crystallization plates (Emerald BioSystems) at 20 °C. Equal volumes of protein and crystallization solution were mixed and equilibrated against 100 μL of reservoir solution. Crystals of apo-HasAp, approximately 300 μm in length and displaying a needle morphology were obtained after 1-2 days from 50 mg/mL protein in 100 mM sodium phosphate pH 7. 
X-ray data collection, structure solution and refinement
Data for apo-and dimeric holo-HasAp were collected at 100 K at the Advanced Photon Source (APS) IMCA-CAT, beamline 17BM using an ADSC Quantum 210r CCD detector. Diffraction data for imidazole bound H32A holo-HasAp were collected at 93 K in-house using a Rigaku RU-H3R rotating anode generator equipped with Osmic Blue focusing mirrors and an R-axis IV ++ image plate detector. Apo-HasAp and imidazole bound H32A holo-HasAp diffraction data were integrated and scaled with the HKL2000 package 24 and dimeric H32A holo-HasAp data were processed with the XDS 25 package. The Laue class for each data set was checked using Pointless. 26 Structure solution of apo-HasAp was obtained by molecular replacement with Molrep 27 using the holo-HasAp structure (PDB: 3ELL) 12 as the search model. Automated model building was conducted with ARP/wARP. 28 The final model was used for subsequent molecular replacement searches with the dimeric H32A holo-HasAp and imidazole bound H32A holo-HasAp data sets. Structure refinement was performed with Refmac 29 for apo and imidazole bound holo H32A HasAp and with Phenix 30 for dimeric H32A holo-HasAp, respectively. Manual model building was carried out with Coot. 31 The crystals of dimeric H32A holo-HasAp were indexed in a monoclinic C lattice with a = 110.34 Å, b = 52.70 Å, c = 71.74 Å, β = 129.05 ° and space group C2. However, the unit cell and space group were transformed to the non-standard setting I2 using the reindexing matrix (0 0 −1, 0 1 0, 1 0 1) to give a = 71.74 Å, b = 52.70 Å, c = 85.71 Å, β = 91.48°. For dimeric H32A holo-HasAp, anisotropic displacement parameters were modeled by TSL refinement 32 using 10 and 11 TLS groups for subunits A and B respectively. Molecule B appeared to display increased thermal motion as indicated by the larger overall B-factor (~2-fold) relative to molecule A. For the imidzole bound H32A holo-HasAp, 7 TLS groups were refined for both molecules of the non-crystallographic dimer in the asymmetric unit. Structure validation was performed using MOLPROBITY 33 and figures were prepared using CCP4mg. 34 Relevant crystallographic data are provided in Table 1 . For apo-HasAp, phosphate and a sodium ions were identified from the difference electron density and assigned based on the coordination and expected non-bonded distances; 35 their location in the structure is shown in Supplementary Figure S1 .
NMR Spectroscopy
Sequential backbone resonance assignments were obtained with the aid of 1 H-15 N-HSQC, HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, HNCO, and HN(CA)CO experiments conducted with H32A HasAp samples uniformly labeled with 13 C and 15 N, at protein concentrations that ranged between 3.9 mM and 6.7 mM in phosphate buffer (μ = 0.1, pH 7.0) with 5-10 % D 2 O. After collecting the data necessary to carry out resonance assignments of H32A HasAp, the same sample was subjected to 3 cycles of buffer exchange using 10 KDa MWCO Amicon Ultra-15 centrifugal filter devices, replenishing the solution with 100 mM imidazole, pH 7.0 buffer after every concentration step. The solutions of thus prepared H32A-imidazole samples were finally concentrated to the same volume of the original H32A HasAp sample in order to maintain the protein concentration constant. Samples of 15 N-Gly (4.6 mM), 15 N-Ala (4.4 mM), and 15 N-Val (5.2 mM) selectively labeled proteins were used to collect two-dimensional 1 H-15 N-HSQC spectra using standard and rapid repetition conditions. For rapid repetition HSQC experiments, the acquisition time and relaxation delay were shortened to 35 ms and 50 ms, respectively from the standard 95 ms and 1s, and the number of scans was increased to at least 256 from the typical 16 scans per increment used in standard experiments. All other acquisition parameters were identical. The temperature was 32 °C unless otherwise noted. Other pertinent acquisition and processing parameters used to obtain specific spectra are included in the corresponding figure caption. All experiments were conducted using a Varian Unity Inova 600 NMR spectrometer equipped with a triple resonance probe. The data were processed using NMRPipe 36 and analyzed with the program Sparky. 37 1 H chemical shifts were referenced directly to internal DSS using the methyl 1 H resonance at 0.00 ppm, whereas 15 N and 13 C chemical shifts were referenced indirectly using the ratio of gyromagnetic ratios.
Targeted Molecular Dynamics (TMD) Simulations
All calculations were performed using the biomolecular simulation program CHARMM 38 with the all-atom parameter set PARAM22 for proteins, 39 including the dihedral cross-term corrections (CMAP) 40 and a modified TIP3 water model. 41 The simulation system, shown in Supplementary Figure S2 , was built by using the Quick MD Simulator module in CHARMM-GUI 42 after the hemin-iron was coordinated to the phenol group of Tyr75 in the structure of apo-HasAp. Holo-HasAp was solvated in a 80 Å × 80 Å × 80 Å water box with 0.15 M KCl, resulting in a total of 48,292 atoms; the number of water molecules, K + and Cl − ions are 15,191, 50 and 37, respectively; different numbers of K + and Cl − ions were added to make the simulation system neutral. After 350 ps equilibration time, 25 independent 1.2 ns TMD simulations were performed starting from the "open" (apo) and progressing to the "closed" (holo) structure. A time step of 2 fs was used for the NVT (constant volume and temperature) dynamics with the SHAKE algorithm. 43 The same options as in the input scripts provided by CHARMM-GUI were used for non-bonded interactions. 42 A total of 50 structures ("images") were generated at equal intervals of root mean squared deviation (RMSD) between the open and closed structures for each run, followed by clustering the images obtained at each of the RMSD intervals. Analysis of the trajectories was also performed to identify important interactions during the transition from "open" to "closed" structures.
RESULTS

Purification of the Apo-Proteins
Expression of wild type (wt) or H32A HasAp in E. coli produces a mixture of holo-and apo-protein in approximate proportion of 1:4. Previous preparations of holo-HasAp addressed this issue by reconstituting the apo-protein during the purification process. 12 Initial preparations of apo-HasAp were obtained upon extraction of the hemin utilizing the cold acid-acetone method, as reported for the preparation of apo-HasAs. 8 In the case of HasAp, extraction of the hemin is incomplete, leaving approximately 3-10% holo-protein contaminating the apo-protein preparations. To overcome this issue we developed a chromatographic method for the separation of apo-and holo-HasAp which capitalizes on the tenacious binding of the apo-protein to hydrophobic affinity interaction columns, relative to the holo-protein. This approach allows complete separation of the holo-form and gentle isolation of the apo-protein for subsequent crystallographic and NMR spectroscopic studies. The molecular mass of wild type and H32A apo-proteins was determined by electrospray ionization mass spectrometry; the experimental values, 18,760 ± 1 Da for wt apo-HasAp and 18,690 ± 1 Da for the H32A mutant, are in good agreement with the 18,759 and 18,690 Da calculated from the corresponding amino acid sequences, without the initiator methionine.
Structural Characterization of Apo-HasAp
The fold of wt apo-HasAp is very similar to that of its holo-counterpart, with exception of the His32 containing loop, which is significantly displaced from its position in the structure of wt holo-HasAp (3ELL). 22 As can be seen in the structural alignment of the apo-and holoHasAp structures (Figure 2-A) , the "β-sheet wall" comprised of eight antiparallel β-strands connected by short turns and the "α-helix wall" opposite to the "β-sheet wall" are nearly identical. The structure of the loop containing axial ligand Tyr75 (Tyr75 loop) is also highly conserved between holo-and apo-HasAp; in contrast, the loop containing axial ligand His32 (His32 loop) undergoes large reorganization upon binding hemin. The RMSD deviation of C α atoms (Ser2 to Ala183) between apo-and holo-HasAp (PDB: 3ELL), not including residues Gly28 to Gly45 of the H32 loop, is 0.592 Å. The comparison was made using the Superpose 44 alignment tool in the CCP4 software package. Similar large changes of the His32 loop were observed upon comparing the X-ray 10 and solution state NMR 13 structures of apo-HasAs, which indicates that the large reorganization of the His32 loop upon hemin binding is very likely a common feature of hemin capture by equivalent hemophores from different bacteria. Moreover, comparison of amino acid sequence to other hemophores ( Figure 3 ) in the context of a structural alignment of apo-and holo-HasAp shows that most of the conserved residues are hydrophobic and they function by providing a network of stabilizing hydrophobic interactions in the α-helix and β-sheet walls. Several conserved residues are located near the "hinges" at each end of the His32 loop (Gly28 to Gly 45) and in the Tyr75 loop (His74 to Leu85). It is noteworthy that one of the axial ligands to the hemin iron, His32, is not conserved and that there are no conserved residues in the stretch of sequence spanning the His32 loop.
As can be seen in Figure 2 -B the "hinges" about which the His32 loop pivots are located at Gly28 (C′-end of α1) and at Gly45 (the beginning of β2); Gly28 is present in all sequences shown in Figure 3 except in Pseudomonas entomophila, and residue 45 is Gly in all sequences except those of Yersinia pseudotuberculosis, Y. pestis, and Y. pestis antiqua, where it is Ser. Notably, conserved aromatic residues are located near both "hinge" residues; Phe27 is near hinge residue Gly28 and Phe46 is near hinge residue Gly45. The side chain of Phe27, located at the end of α1 packs against the side chain of conserved Trp23, which in turn is stabilized by additional hydrophobic interactions with aromatic side chains upstream in α1 (Figure S3-A) . These structural features strongly suggest that conserved Phe27 is placed immediately before the "hinge" to act as "hinge anchor" to preserve the structural integrity of α1 while the loop pivots between conformations. Phe46, located at the beginning of β2 near hinge residue Gly44, appears to fulfill a similar stabilizing role because its side chain packs against the side chain of conserved Tyr56; in turn, both aromatic side chains interact with the hemin in the holo-protein ( Figure S3-B) , which also suggests a role in stabilizing the heme complex.
Hemin binding is accompanied by a few relatively small but likely significant changes in the structure near the hemin binding site. Tyr75 is poised to coordinate the hemin-iron because its side chain undergoes minimal movement upon binding of hemin ( Figure 2-C) ; motion of the His83 side chain reduces the distance to the phenol oxygen in Tyr75 from 3.3 Å to 2.6 Å, such that a relatively strong H-bonding interaction can be formed. Structural and spectroscopic investigations have determined this H-bonding interaction to be a conserved feature of hemin-bound hemophores, 10, 12, 45 which is thought to enhance the donating character of the phenolate ligand. In the apo-protein structure the side chain of Arg129 forms a H-bond with the side chain of Tyr138 in α2 (Figure 2-C) . This interaction is lost upon hemin binding, as the side chain of Arg129 reorients to form a salt bridge with one of the hemin propionates; the side chain of Tyr138 moves to facilitate hemin binding and provide hydrophobic stabilization. Relocation of the Tyr138 side chain within hydrogen bonding distance (2.7 Å) of the coordinating His32 carbonyl oxygen suggests that this Hbond may help stabilize the His32 to iron coordination. The side chain of Met141, also located in α2, changes conformation upon hemin binding and interacts hydrophobically with the bound macrocycle, likely stabilizing the complex. Finally, when the His32 loop closes upon hemin binding, the carbonyl oxygen of Gly28 moves toward the short loop comprised of conserved Gly143 and Asp144, which connects α2 to α3. To accommodate the new conformation of the Gly28 hinge, the short loop relocates as depicted in Figure 2 -D, which causes displacement in the carboxyl terminal of helix α2; this issue will be revisited later in this report. In comparison, motion of the other hinge residue (Gly45) can occur unimpeded by other structural elements in the hemophore.
The H32A Mutant of HasAp
When H32A apo-HasAp is reconstituted with hemin, followed by sieving the resultant solution through a Sephadex G-75 column, two peaks, each containing H32A holo-HasAp are obtained (Figure 4-A) . The electronic absorption spectrum obtained from fractions corresponding to the fast-eluting peak exhibits a broad Soret band with maximum at 399 nm and peaks at 504 nm, 536 nm and 630 nm (black in Figure 4 -B). In comparison, fractions corresponding to the slow-eluting peak exhibit spectra with a relatively narrower Soret band at 401 nm and peaks at 502 nm, 534 nm and 623 nm (red in Figure 4 -B). The lowtemperature resonance Raman spectra of these two fractions are very similar and exhibit porphyrin vibrations characteristic of high-spin ferric hemes. The coordination marker band ν 3 suggests a predominantly 5-coordinate state in the first fraction while a greater contribution of 6-coordinate species exists in the second fraction ( Figure S4 ). In the EPR spectra, both fractions exhibit intense g ~ 6 signatures consistent with axial S = 5/2 high iron (III) configurations, with evidence of signal broadening in the first fraction ( Figure S5 ).
Analysis by SDS-PAGE indicated that protein from both peaks migrates at the same rate as the apo-protein, indicating that the different elution volumes from the Sephadex G-75 column are not due to degradation or covalent modification. To test the possibility that the two peaks eluting from the column may correspond to dimeric and monomeric H32A HasAp, protein eluting in each of the two peaks was loaded independently onto a calibrated, high resolution Superdex 75 column. Protein obtained from the fast-eluting peak in the Sephadex G-75 column exhibited an elution volume (V e ) of 13.2 ± 0.2 mL (red triangle in Figure 4 -C), which corresponds to an estimated molecular mass of ~ 38.3 ± 2 kDa (dimer), whereas protein from the slow-eluting peak exhibited V e of 14.6 ± 0.1 mL (green diamond), which corresponds to ~ 24.3 ± 0.8 kDa (monomer). The monomer and dimer H32A HasAp species are not in rapid dynamic equilibrium because once they have been separated, there is no indication of interconversion; i.e., if either monomer or dimer protein is sieved again through a Sephadex G-75 column, the corresponding species elutes without evidence of interconversion. It is also important to note that the apo form of the H32A mutant elutes from the column in one single peak, with V e = 14.3 ± 0.1 (blue triangle) corresponding to an estimated molecular mass of ~26.7 ± 0.4 kDa (monomer). Hence, dimerization of holo H32A HasAp is not a result of a pre-existing dimer population of the apo-protein, but a consequence of hemin uptake. Additional analysis revealed that the hemin to protein ratio in both the monomeric and dimeric species is 1:1, suggesting that the dimer consists of two holo-proteins, a hypothesis that was corroborated in the X-ray crystal structure of the dimer (see below).
Structural Characterization of H32A Holo-HasAp
A structure of H32A holo-HasAp was obtained from a sample that existed in a monomeric state. The structure, however, revealed a non-crystallographic dimer linked by cofacial interaction of two hemin molecules ( Figure 5-A) . The two hemin planes, defined by their corresponding pyrrole-nitrogen planes, intersect at an angle of 3.6°, and are separated by an average distance of ~3.4 Å, with approximately 60% overlap of the two macrocycles and an Fe to Fe distance of 5.51 Å. It is striking that the fold of each subunit is nearly identical to that of the apo-protein, including the conformation of the His32 loop ( Figure 5-B) . Coordination of the hemin iron in the proximal site is nearly indistinguishable from that observed in the wild type holo-protein, where the side chain of His83 is poised to accept a H-bond from the coordinating phenol oxygen of Tyr75. Both propionates in each of the hemin molecules adopt nearly identical H-bonding interactions with the protein; one of the propionates forms a H-bond to Arg129 from the subunit harboring it while the second propionate interacts with Tyr138 from the other subunit in the dimer. The in-plane orientation of the hemin in each of the subunits of the mutant is identical to that observed in wild type holo-HasAp, which allows conservation of the Arg129 to hemin propionate Hbond. Close inspection of the hemin molecules in the dimer makes it clear that there is no electron density between the two hemin planes that could be attributed to a bridging ligand ( Figure 5-C) , as would be the case if the dimer was linked by a μ-oxo ligand. In addition, the approximately 60% macrocycle overlap is in contrast to the nearly complete overlap in a μ-oxo dimer analogue. 46 Finally, the hemin-iron atoms in subunits A and B are displaced by 0.21 and 0.17 Å, respectively from the mean plane defined by the coordinating pyrrolenitrogen atoms, toward the coordinating Tyr. This observation is consistent with a 5-coordinate iron, as observed in catalase 47 and a H93Y mutant of myoglobin. 48 Figure 5-D, which shows subunit A in the dimer viewed from above the hemin (gold sticks), makes it evident that the macrocycle, in addition to being coordinated by the phenolate group of Tyr75, interacts hydrophobically with the side chains of Phe51, Tyr75, Leu76, Phe77 and His83 (green). With the exception of Phe51, the side chains that interact hydrophobically with hemin stem from residues located in the Tyr75 loop. This loop is nearly identical in the structures of the wt holo-, wt apo-and holo-H32A dimer molecules, suggesting that the invariant structure of the Tyr75 loop, in addition to poising the proximal Tyr75 ligand to coordinate the hemin iron, also functions by presenting a "sticky" hydrophobic surface that enables the hemophore to capture and retain the heme. Figure 5 -D also shows that when the His32 loop (magenta) adopts the open conformation seen in the structure of the apo-protein, the distal face of the hemin is highly exposed to the aqueous environment. Hence, dimer formation is likely a mechanism whereby the exposed hydrophobic surface of the hemin is satisfied by a cofacial interaction with a macrocycle from another hemophore molecule.
To investigate why crystals of dimeric H32A holo-HasAp are obtained from solutions containing monomeric protein, we tested the possibility that a component in the crystallization solution promotes dimerization. It was found that when monomeric holo H32A is dissolved in buffers containing ammonium sulfate at the same concentration as in the crystallization solution (1.26 M), the monomer is rapidly converted into a dimer, which is manifested in a near instantaneous change in the electronic absorption spectrum from that corresponding to the monomer (red in Figure 4 -B) to that characteristic of the dimer (black trace). These observations indicate that ammonium sulfate in the crystallization solution promotes dimerization of the protein, prior to its crystallization. Ammonium sulfate is typically used to facilitate hydrophobic interactions and it is therefore likely that it exerts a similar influence on monomeric H32A holo-HasAp to facilitate the hydrophobic cofacial hemin interactions that stabilize the dimer. In this context, it is important to note that the structure of the dimer does not allow us to discern whether in solution the His32 loop in the hemin loaded monomeric mutant remains in the open conformation of the apo-protein, adopts a closed conformation similar to that seen in wt holo-HasAp, or, dynamically explores a range of conformations between the apo-and holo-structures. Because additional experiments aimed at finding conditions to crystallize the monomer were unsuccessful, this issue was explored by studying the imidazole complex of H32A holo-HasAp (H32A-imidazole); observations made with these experiments are described below.
The Imidazole Complex of Monomeric H32A Holo-HasAp
Titrating a solution containing monomeric H32A holo-HasAp with imidazole while monitoring the reaction with the aid of electronic absorption spectroscopy induces a shift of the Soret band from 402 nm to 407 nm ( Figure S6-A) . The latter value, which is in good agreement with the 407 nm exhibited by the Soret band in wild type holo-HasAp, strongly suggests the formation of a complex in which the heme is axially coordinated by Tyr75 and imidazole. The magnitude of the dissociation constant, K d = 4.7 mM, was obtained by fitting the binding curve ( Figure S6 -B) to equation 1, 49 where [B] is the concentration of imidazole and AB/AB max is the fraction of protein bound by imidazole. These observations indicated that although the complex is relatively weak, it is possible to obtain H32A HasAp fully bound by imidazole in the presence of relatively high concentrations of the ligand. Consequently, monomeric holo-HasAp in 150 mM imidazole buffer (pH 7.0) was used to screen crystallization conditions and to study the complex in solution with the aid of NMR spectroscopy. Figure 6 -A depicts the structure of H32A holo-HasAp in complex with imidazole, which overall is nearly identical to that of wt holo-HasAp. In the proximal side the heme-iron is coordinated by the phenol oxygen of Tyr75, which is 2.6 Å from the N δ of His83, indicating that the role played by the latter in accepting a hydrogen bond from the coordinating Tyr75 phenol oxygen remains unchanged relative to the situation in wt holo-HasAp. In the distal side the heme-iron is coordinated by imidazole, the plane of which lies along the axis formed by the pyrrole I and pyrrole III nitrogens of the macrocycle. The His32 loop is not completely defined in the structure because residues 30-34 in molecule A of the non-crystallographic dimer do not exhibit electron density and residues 31-36 are disordered in molecule B. Nevertheless, the segments of the loop with clearly discernible electron density exhibit conformations similar to those seen in corresponding sections of wt holo-HasAp. As indicated above, comparison of the apo-and holo-HasAp structures showed that the hinges about which the loop pivots from its "open" (apo) to its "closed" (holo) conformations are at Gly28 and at Gly45. In the structure of the H32A-imidazole complex the longest stretch of amino acid sequence exhibiting electron density in the His32 loop can be traced uninterrupted from one of the hinges (Gly45) to Val37. Only Gly28 and Asp29 are observable at the other hinge, but the conformations of these residues match the closed conformation in wt holo-HasAp. A zoomed in view of the loops is shown in Figure 6 -B, where the structures of the wt (cyan) and H32A-imidazole (magenta) molecules are superposed. It is apparent that the hinges adopt their closed loop conformations and that the segments of the loop exhibiting electron density are structurally very similar to the corresponding stretches in the wild type protein. The coordinated imidazole in the H32A structure exhibits well-defined electron density (Figure 7-A) and its plane is nearly superimposable with the His32 imidazole plane in wt holo-HasAp (Figure 6-B) . The welldefined electron density indicates that the imidazole ring is not rotating about the axis of the nitrogen-iron bond; rather, its rotation is restricted by a H-bond interaction with the carbonyl oxygen of Asn42 and by packing interactions with the side chains of Val38 and Met141 (Figure 7-B) . Complimentary information in solution was obtained with the aid of NMR spectroscopy; results from these studies are presented below.
Equation 1
X-ray Crystal Structure of the H32A-Imidazole Complex
NMR Spectroscopic Characterization of the H32A HasAp Monomer in Solution
In an attempt to complement the X-ray structural studies we conducted investigations aimed at determining the topological location of the His32 loop in solution upon hemin binding. To this end monomeric H32A holo-HasAp and H32A-imidazole were studied in solution with the aid of NMR spectroscopy. Sequential backbone resonance assignments were obtained using a strategy similar to that employed for assigning backbone resonances in wt holoHasAp, 12 which utilized conventional multidimensional heteronuclear experiments and selective amino acid labeling. This strategy allowed assignment of 125 and 154 non-proline amide cross-peaks for H32A HasAp and H32A-imidazole, respectively. Representative HSQC spectra obtained with samples of H32A HasAp and H32A-imidazole are shown in Figure S7 and the assignments are summarized in Tables S1 and S2. The extent of resonance assignment coverage in H32A HasAp, H32A-imidazole, and wt HasAp has been highlighted in gray in the structures of Figure 8 ; residues with missing assignments are highlighted in green. It is apparent that most of the unassigned residues in wt HasAp (Figure 8-C) are confined to the Tyr75 loop and a small portion of the His32 loop. That several residues in the Tyr75 loop lack assignments is due to their proximity to the hemin iron, which causes resonances to broaden beyond detection. In comparison, although several residues in the Tyr75 loops of H32A HasAp and H32A-imidazole are also unassigned for the same reason, there are other sections in these molecules with missing assignments: In H32A HasAp (Figure 8-A) these sections include the entirety of α2, the short loop connecting α2 to α3, the turn flanked by β3 and β4, and the C′-terminus of α1, whereas in H32A-imidazole a large portion of the His32 loop is unassigned (Figure 8-B) . It is also important to note that although a relatively large number of residues have not been assigned in H32A HasAp, a majority of residues in its His32 loop have assignments, which is in contrast to the situation observed with H32A-imidazole, where a large portion of the His32 loop is unassigned. This contrasting accessibility to resonance assignments between H32A HasAp and H32A-imidazole is addressed below.
Conformational Exchange Distinctly Affects the Hinge Regions of H32A HasAp and H32A-Imidazole
The large conformational change of the His32 loop that occurs when wt apo-HasAp binds hemin pivots about hinge residues Gly28 (~157° about its φ angle) and Gly45 (~36° about its ψ angle). It is therefore interesting to note that dynamic processes affect these hinge regions in H32A HasAp and in H32A-imidazole differently: Near the Gly28 hinge, crosspeaks were not detected in the HSQC spectrum of H32A HasAp for Tyr26 and Phe27. In contrast, the corresponding cross-peaks in the spectrum of H32A-imidazole were readily identified because they exhibit cross-peaks with intensities similar to corresponding cross peaks in the spectrum of wt HasAp. At the other end of the loop, two of the three residues preceding the Gly45 hinge (Asn42 and Thr43) did not have detectable cross peaks in the HSQC spectrum of H32A HasAp or in the spectrum of H32A-imidazole. Gly44, on the other hand, gave rise to a cross-peak in the spectrum of uniformly labeled H32A HasAp (not shown) but was undetectable in the spectrum of uniformly labeled H32A-imidazole acquired with standard conditions (Figure 9-A) . It was possible to observe the Gly44 amide crosspeak in H32A-imidazole only if HSQC spectra were acquired with fast repetition at 32 °C from a sample selectively labeled with 15 N-Gly (Figure 9-D) . Observation of this cross-peak enabled its subsequent sequential assignment using data from the suite of 3-D spectra acquired with a sample uniformly labeled with 13 C and 15 N. Variable temperature studies revealed that below 32 °C the cross-peak is undetectable (Figures 9-B and C) , it appears as a collection of low intensity cross-peaks in the spectrum obtained at 32 °C (Figure 9-D) , and becomes more intense and likely dominated by a more abundant population at 38 °C ( Figure  9 -E). This temperature dependent behavior indicates conformational exchange affecting Gly44 in H32A-imidazole, which at the lower temperatures explored falls in the intermediate exchange regime, where exchange broadening renders the cross-peaks undetectable. At 32 °C the rate of exchange is accelerated and at least three populations (cross-peaks) can be observed; increasing the temperature to 38 °C causes the cross-peaks to migrate toward similar chemical shifts, resembling a single broad peak, which suggests that the distinct conformations seen at 32 °C are in rapid exchange with a thermally accessible state that becomes predominant at the higher temperatures. A similar, albeit less severe attenuation of intensity at low temperatures is observed for the cross-peak corresponding to Gly45 (Figure 9 ), indicating that this hinge residue is also affected by conformational exchange. The less pronounced attenuation of Gly45 peak intensity at the lower temperatures suggests that a lower energetic barrier separates the alternate conformations of Gly45 relative to Gly44. This is consistent with the notion that Gly45 is a hinge residue and is therefore less prone to explore large conformational rearrangements relative to Gly44.
Conformational Exchange Also Affects the Internal Regions of the His-32 Loop Differently in H32A-Imidazole and in H32A HasAp
As indicated above, most residues in the His32 loop of H32A-imidazole could not be assigned, whereas the similar stretch of sequence in H32A HasAp is nearly fully assigned (see Figure 8 ). This suggests that resonances from the His32 loop in H32A-imidazole are more affected by line broadening processes than equivalent resonances in H32A HasAp. To illustrate this point we describe key observations made from HSQC spectra acquired with standard and fast repetition rates from samples of H32A HasAp and H32A-imidazole labeled selectively with 15 N-Val: All valines in H32A HasAp were sequentially assigned from conventional 2D and 3D NMR data; cross-peaks corresponding to Val37 and Val38, located in the middle of the His32 loop are readily observed in HSQC spectra acquired with standard or with fast repetition conditions, Figure 10 -A and 10-B, respectively. In comparison, only one of two cross peaks corresponding to Val37 and Val38 in H32A-imidazole could be observed in the HSQC spectrum of uniformly labeled protein acquired with standard conditions (not shown) or in the spectrum obtained with standard conditions from a sample of 15 N-Val H32A-imidazole (Figure 10-C) . When the HSQC spectrum is acquired with fast repetition conditions, however, two peaks are clearly observed in spectra obtained from uniformly labeled protein (not shown) or from a sample of 15 N-Val H32A-imidazole (Figure 10-D) . Although these two cross peaks could not be sequentially assigned because correlations to neighboring carbon nuclei could not be found in 3D spectra, their presence in the HSQC spectrum of the 15 N-Val sample and the fact that all remaining Val residues had been assigned, allow us to confidently state that they originate from Val37 and Val38 in the His32 loop of H32A-imidazole. Given that protein concentrations were similar, the low intensity exhibited by the cross peaks corresponding to Val37 and Val38 in H32A-imidazole relative to their counterparts in the spectrum of H32A HasAp strongly suggests that conformational exchange differentially affects identical portions of the His32 loop in the two proteins. Moreover, the fact that the presence of imidazole bound to heme-iron directly influences the dynamic behavior of the Val37 and Val38 backbone is consistent with the packing interaction between Val38 and imidazole seen in the crystal structure (see Figure 7 -B), thus supporting the idea that the conformation of the His32 loop in solution resembles more that observed in holo-HasAp than in its apo counterpart. In other words, the conformation adopted by the His32 loop in the crystal structure of H32A-imidazole is likely conserved in solution.
Targeted MD Simulations Suggest a Plausible Path for Closing the H32 Loop
Capitalizing from the availability of wt apo-and holo-HasAp structures we performed TMD simulations aimed at visualizing the closing of the His32 loop. As indicated in Experimental Methods, 25 independent 1.2-ns TMD simulations were carried out starting with the open loop (apo-structure) and ending with the closed loop (holo-structure). For each of the 25 independent simulations, 50 structures ("images") were generated at equal intervals of RMSD between the apo-and holo-structures; the images obtained at each RMSD for all 25 independent simulations were then clustered. Interestingly, the structural features of the image clusters at each RMSD are very similar, suggesting that the transition path between the open and closed states may be well defined. From this analysis a possible path for the conformational change exhibited by the His32 loop in going from apo-to holo-HasAp emerges. The path can be summarized in a minimalistic six-frame representation that conveys the most salient aspects of loop closing. The six frames are depicted in Figure 11 -A to F, where the starting structure of apo-HasAp (gray) is overlapped with different structures (cyan) along the path of loop closing. In each frame key residues are highlighted in stick or CPK representation and when appropriate the same residues in the starting structure are shown in stick rendering for comparison between starting and intermediate structures. The peptide backbone RMSD between apo-and holo-HasAp at the start of the simulation is 5.73 Å.
Frame 11-A (RMSD 5.42 Å) shows that upon hemin binding helix α2 starts to tilt such that its C′-end begins to deviate from its position in the apo-structure. The motion of α2 also affects the short loop connecting α2 and α3, which moves outwards, thus breaking H-bonds between Gly143 (short loop) and Ser24 (α1). Binding of heme also causes β2, near the Gly45 hinge, to move away from the hemin, likely to avoid steric clashes between the side chain of Phe46 and the hemin. Frame 11-B (RMSD 4.87 Å) shows further tilting of α2 and displacement of the short loop connecting it to α3. The space open by the tilting of α2 allows the side chain of Phe27 (α1) to move downward and interact more efficiently with the side chains of Leu58 and Met141. It is likely that these attractive hydrophobic interactions provide the torque that causes helix α1 to undergo the observed bowing motion, which is also facilitated by the relocation of the short loop connecting α2 and α3. As α1 bows, the downward motion is transmitted to the turn connecting β3 and β4 (yellow) by the H-bonds between the carbonyl groups of Tyr26 and Phe27 in α1 and the hydroxyl groups of Ser60 and Ser63 in the turn. Frame 11-C (RMSD 4.06 Å) shows that the bowing motion of α1 pulls down a portion of the His32 loop near the Gly28 hinge. This in turn causes Val30, Val 37 and Val38, which in the apo structure interact with one another, to relocate near the yellow turn and interact with the backbone of the turn (Ser60 to Ser63), while residues next to Val30 and previous to Val38 interact with one another via H-bonds, as can be seen for Asn31 and Gly35 in this frame. These interactions appear to maintain the loop relatively organized as it slides over the yellow turn. It is important to underscore that the portion of the His32 loop between Gly28 and Val37 is the first section of the loop to start relocation. This is likely a direct consequence of the bowing motion of α1. In comparison, at this RMSD the remainder of the His32 loop maintains a structure similar to that of the apoprotein. Frame 11-D (RMSD 2.64) shows that the His32 loop continues to slide over the yellow turn; Val30, Val37 and Val38 re-establish a hydrophobic network, which by virtue of Leu58 is extended to encompass Phe27 and Met141 (not depicted in the frame). At the same time, Gln36 and Arg33 take their turn at interacting with the yellow turn. It is also noteworthy that α1 has relaxed back to near its original position, while the carbonyl group of Gly28 (hinge) has pivoted to attain its closed loop conformation; the tilting of α2 and concomitant displacement of the loop connecting it to α3 relax toward their initial position, but do not go back completely to provide the space necessary for the Gly28 carbonyl to adopt its closed loop conformation. Frame 11-E (RMSD 1.61 Å) shows that as Val37 and Val38 approach the heme the H-bond between Arg33 and Ala62 breaks, while the side chain of axial ligand His32 still points away from the heme. Analysis of motions between frame 11-E and frame 11-F (RMSD 0.61 Å) suggests that Arg33 explores different conformations until its guandinium group forms a salt bridge with the carboxyl group of Asp29; this interactions appears to force the side chain of His32 to flip toward the heme, where it coordinates the iron, as can be seen in frame 11-F.
DISCUSSION
The X-ray structure of apo-HasAp reveals a fold very similar to that of holo-HasAp, except for the His32 bearing loop, which adopts a substantially different conformation and places the His32 axial ligand approximately 30 Å away from the hemin-iron (Figure 2) . A similar open loop structure in apo HasAs led to the suggestion that hemin binds the hemophore in a two-step mechanism where the first interaction is with the Tyr75 loop, followed by closing and coordination of the His32 loop. 13 Additional observations have been interpreted as providing support for this notion: A crystal structure of HasAs bound to its receptor shows that the His32 ligand is not coordinated and the His32 loop is disordered; 15 when HasAs is reduced in the presence of CO the His32 rather than the Tyr75 ligand is replaced. 14 Although these observations taken together indicate a large conformational change for the His32 bearing loop and suggest that His32 may dissociate more readily than Tyr75 from the hemin-iron, the fact remains that conclusive evidence demonstrating that hemin is loaded first onto Tyr75 is lacking. Consequently, we conducted the investigations reported in reference 19 and herein with the aim of providing structural and spectroscopic evidence of possible intermediates in the process of hemin loading in HasAp. To this end we prepared His32A HasAp where the non-conserved His32 axial ligand is replaced by a noncoordinative residue, while leaving the axial Tyr75 and ancillary His83 ligands in the Tyr75 bearing loop intact. The apo form of the H32A mutant was determined to be monomeric in solution but a mixture of monomer and dimer after reconstitution with hemin. These two species, which can be separated by size exclusion chromatography, are not in dynamic equilibrium, so that once separated, there is no indication of monomer dimerization or dimer dissociation. Hence, the spectroscopic characteristics of each of the species could be ascertained unambiguously, which in turn allowed us to determine the nature of the oligomerization state in a sample simply on the basis of electronic absorption spectroscopy (Figure 4) . The position of the Soret bands and the presence of high-spin marker bands above 600 nm in the electronic absorption spectra indicate that the hemin-iron in the monomer and in the dimer are high-spin species. The resonance Raman spectra also support a high-spin heme iron(III) configuration, with the dimeric H32A HasAp preferentially adopting a 5-coordinate structure while the monomer consists of a mixture of 5-and 6-coordinate states. These spectroscopic approaches, however, did not provide information regarding the nature of the ligand(s) coordinating the hemin-iron in H32A HasAp; this issue was explored with the aid of X-ray crystallography.
Single crystals of H32A HasAp were grown from a solution of monomer; the structure, however, revealed a dimer linked by cofacial interactions of two hemin molecules ( Figure  5 ). An interesting feature of this structure is the conformation of the His32 bearing loop, which is nearly identical to that adopted in the wt apo-protein, because it suggests that hemin binds to the Tyr75 bearing loop while the His32 bearing loop remains largely in its apo conformation. Once hemin is loaded on the Tyr75 loop, its proximal side is presumably rapidly coordinated by Tyr75, while its distal face remains largely exposed to the aqueous environment. Closing of the His32 loop would not only provide the sixth ligand but would also exclude water from the distal hemin face. In this context, cofacial macrocycle stabilization of the dimer may occur if two monomer molecules interact productively before the His32 loop approaches the distal face of the macrocycle and protects it. In agreement, kinetic studies comparing hemin loading into apo wt and H32A HasAp showed that initial loading of the hemin occurs in approximately 20 ms, producing a spectroscopic signature typical of 5-coordinate high spin hemin, which at 20 ms is identical for both wt and H32A HasAp. As time elapses the spectral signature of H32A HasAp remains unchanged while that corresponding to wt HasAp continues to evolve until the spectrum characteristic of holo HasAp is attained in approximately 1 sec. 19 Given that apo wt and H32A HasAp provide the same spectral signature at 20 ms, it was suggested that hemin is rapidly loaded into the Tyr75 loop while coordination of His32 occurs significantly more slowly. The structural data reported here provides direct experimental evidence that hemin does indeed bind to the Tyr75 loop to form a stable complex. Thus, a slow closure of the His32 loop during reconstitution can allow a subpopulation of proteins to dimerize in order to shield exposed hydrophobic surface in the hemin macrocycle and H32 loop from the aqueous environment. In this context, it is interesting that a bacterial protein involved in heme transport (chaN) in Campylobacter jejuni also undergoes dimerization via cofacial heme binding. 50 Hence, given that His32 is not conserved among the Has hemophores, our observations make it tempting to hypothesize that the dimer may be physiologically relevant in other bacterial species. It is also important to note that structural conservation of the Tyr75 loop in the apoand holo-hemophore structures likely contributes to the hemin loading process in two important ways: (1) several side chains in the loop provide a "sticky" hydrophobic platform where the macrocycle can be captured (see Figure 5 -D) and (2) the N δ of His83 is poised to accept a H-bond from the phenol group in Tyr75, which facilitates coordination of the hemin-iron by a phenolate-like ligand.
The above discussion assumes that hemin binding triggers a conformational rearrangement of the A32 bearing loop which causes it to approach the macrocycle, thus shielding it from engaging in dimer-stabilizing cofacial interactions. The structure of the mutant dimer, however, shows that the A32 bearing loop remains very much like in the apo structure, and since this is likely a consequence of dimerization, it does not provide insight into the conformation of the loop in the monomer. Attempts to grow crystals of monomeric H32A HasAp were unsuccessful but its imidazole complex was crystallized successfully; the structure shows that the A32 bearing loop is located near the distal face of the macrocycle and that its conformation is very similar to that adopted by the His32 bearing loop in wt HasAp. This observation is in agreement with the idea that hemin loading in the Tyr75 loop triggers rearrangement of the A32 bearing loop. In solution the situation is apparently very similar because the presence of imidazole causes significant changes in the properties of HSQC cross-peaks corresponding to residues in the A32 bearing loop: Whereas most of these loop resonances can be detected and sequentially assigned in the spectrum of H32A, as was the case for cross-peaks in the spectrum of the wt protein, 12 the corresponding resonances in the spectrum of the imidazole complex are mostly broadened beyond detection. Clearly, binding of imidazole alters the dynamic properties of residues in the A32 bearing loop, which we interpret to indicate that this segment of the structure is near the distal face of the heme, where it can interact with the coordinating imidazole. This last point is supported by the different dynamic behavior observed for Val37 and Val38 in the absence and presence of imidazole because this distict behavior is in agreement with the idea that the Ala32 loop in solution interacts with imidazole via Val38, as seen in the crystal structure, causing a change in the timescale of the motions affecting the loop.
We now direct attention to an important consequence of hemin loading onto the Tyr75 loop, which is to trigger the conformational rearrangement of the His32 loop. Comparison of sequential assignment coverage in H32A, wt and H32A-imidazole provides interesting insights. Figure 8 -A shows that residues not assigned in H32A HasAp are located in the C′-terminal of α1, immediately previous to the Gly28 hinge, the entirety of α2, the short loop connecting α2 to α3, β2 at the Gly45 hinge, and the turn connecting β3 and β4. The difficulty in assigning the corresponding resonances arises mostly from peak broadening caused by dynamic processes affecting these sections of the holo-H32A structure. It is interesting that the same sections highlighted in green in Figure 8 -A are implicated by the targeted MD simulations as undergoing motions important to the closing of the H32A bearing loop. In this context, it is interesting to hypothesize that in the absence of imidazole, the A32 bearing loop lacks stabilizing interactions needed to adopt stable conformations similar to that seen in the structure of the H32A-imidazole complex. Absence of these stabilizing interactions is manifested in dynamic processes affecting the hinge sections, as well as key portions of the structure associated with loop closing, which occur in a timescale that broadens the corresponding NMR signals so that they are either too weak to detect or to correlate sequentially. It is important to stress that the dynamic properties of these sections of the structure in relationship to closing of the H32 bearing loop have been independently inferred from the NMR spectroscopic studies in solution and from the targeted molecular dynamics simulations. This suggests that probing these sections of the hemophore structure may enable future investigations aimed at dissecting the mechanism of loop closing. In this frame, the insights obtained from analysis of the targeted MD simulations, which highlight important inter-residue interactions that appear to drive the motions of helices α2, α3 and the short loop connecting them may become a valuable guide for the design of mutant hemophore molecules with significantly altered kinetics of loop closing.
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Refer to Web version on PubMed Central for supplementary material. Holo HasAp (PDB: 3ELL) showing the "α-helix wall" (blue) and "β-sheet wall" (red). The two extended loops containing the residues that coordinate the hemin iron are colored turquoise. Specific residues involved in the coordination of the heme are indicated. Overlay of apo (magenta) and holo (turquoise, PDB: 3ELL) HasAp. A) Conformational changes in the His32 bearing loop between G28 and G44; secondary structure elements are indicated. B) Zoomed in view of the "hinge" region of the His32 bearing loop. C) Zoomed in view of the heme binding pocket showing conformational differences between certain residues upon hemin binding. D) Displacement of helix α2 and the short loop comprised by G143 and D144 relative to the apo-protein upon hemin binding; movement of the latter enables hinge residue G28 in the holo structure to adopt its hemin bound conformation. Structure of the H32A holo-HasAp dimer. A) Subunits A and B are colored magenta and blue respectively; the H32 loops are highlighted darker; disordered residues in subunit B are located between the asterisks. B) Overlay comparing the H32 loops of apo wt (magenta), holo wt (cyan) and holo H32A (red) HasAp. The hemin molecules associated with holo wt and holo H32A are colored blue and gold, respectively. C) 2Fo-Fc electron density maps of the hemin molecules contoured at 1σ are represented as a green surface. D) Surface representation of subunit A and associated hemin (gold). The H32 loop is colored magenta and hydrophobic residues Phe51, Tyr75, Leu76, Phe77 and His83 in the hemin binding site are colored green. Resonance assignments available for H32A HasAp (A), H32A-imidazole (B) and wt HasAp (C) are mapped in gray on the structure of wt holo-HasAp; residues for which resonances could not be obtained are shown in green, prolines are in blue and the hemin is in red. HSQC spectra obtained with samples of 15 N-Gly-H32A-imidazole using standard (A) and fast-repetition (B-E) conditions. Spectra were taken at 32 °C (A and D), 15 °C (B), 25 °C (C) and 38 °C (E). Cross-peaks are labeled according to the corresponding sequential assignment. The cross-peak identified as Gly44 is observed only in spectra collected at 32°C and 38 °C using a short relaxation delay (50 ms) and short acquisition time (35 ms). The spectra were recorded with 100 increments in t 1 ( 15 N); 630 complex points in t 2 ( 1 H), over a spectral width of 8.9 kHz ( 1 H) and 2.3 kHz ( 15 N), with 256 scans per increment for all temperatures except 15 °C, for which 512 scans were used. The data were processed using NMRPipe applying a 90°-shifted squared sine bell apodization function in each dimension, followed by zero filling to 4k data points in t 2 , and linear prediction to twice the number of points and zero filling to 4k data points in t 1 . Subsequent Fourier transformation and phasing rendered matrices of 4k × 4k points. HSQC spectra obtained with samples of 15 N-Val-H32A HasAp (A and B) and 15 N-Val-H32A-imidazole (C and D). Spectra in (A) and(C) were acquired with standard acquisition parameters, whereas spectra in (B) and (D) were collected with fast-repetition conditions. Dashed lines in spectra (C) and (D) highlight one of the cross-peaks attributed to Val37 or Val38, which is clearly visible only in the HSQC spectrum (and corresponding 1D trace) acquired with fast repetition conditions. Cross-peaks are labeled according to their sequential assignment. Cross-peaks originating from backbone amides of Ala residues are present because of isotopic scrambling, and are clearly identified by comparison with the HSQC spectrum obtained with uniformly labeled protein. iii R factor = Σ hkl ||F obs (hkl) | − |F calc (hkl) ||/Σ hkl |F obs (hkl)|; Rfree is calculated in an identical manner using 5% of randomly selected reflections that were not included in the refinement.
